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was 56%. The cross-section for π0 is consistent with a perturbative QCD prediction, and the η/π0

cross-section ratio agrees with previous mid-rapidity measurements. For 0.55 < xF < 0.75, AN for
η (0.210 ± 0.056) is 2.2 standard deviations larger than AN for π0 (0.081 ± 0.016).

A well known prediction of collinearly factorized per-
turbative Quantum Chromodynamics (pQCD) is that the
cross-section for forward meson production in proton-
proton collisions should have negligible dependence on
the transverse polarization of the incident proton [1].
This early prediction was contradicted by measurements
[2–6] of sizable pion transverse single-spin asymmetries
(AN ), defined for a forward moving polarized beam scat-
tering to the left and with a vertical spin quantization
axis as

AN ≡
σ↑ − σ↓

σ↑ + σ↓
. (1)

In order to explain the large asymmetries, several ex-
tensions of the pQCD collinear framework have been pro-
posed. These approaches take into account the possi-
ble spin-dependent transverse components of parton mo-
mentum (Sivers effect [7]), the possible spin-dependent
fragmentation of a scattered polarized parton (Collins
effect [8]), or higher-twist effects where transverse mo-
menta related to the previous approaches are included
in the hard scattering term of a collinear calculation [9–
11]. A wide range of high energy polarized experiments,
both nucleon-nucleon [12–14] and lepton-nucleon [15–18],
have been performed to characterize the kinematic and
process dependences of the asymmetries, and in the case
of the latter, to directly test these approaches.
For more than 20 years, we have known that the trans-

verse asymmetries in forward pion production depend
critically on the isospin projection (I3) of the produced
mesons relative to that of the parent hadron. In proton
scattering experiments, the asymmetry for the π− me-
son, which contains a down quark and an anti-up quark,
has the opposite sign relative to the asymmetries for the
π+ and π0 mesons, produced from the predominant up
quarks.
In this paper, we report for the first time at

√
s =

200 GeV the transverse single-spin asymmetry for the η
meson, another member of the pseudo-scalar octet that
has the same isospin projection as the π0 (I3 = 0). We
note that the FNAL-E704 collaboration previously found
a large AN for the η for Feynman-x (longitudinal momen-
tum of the observed particle divided by the beam energy)
> 0.4 at

√
s = 19.4 GeV [19]. In addition, we report the

differential cross-section for η production in the region
where the spin asymmetry is measured.
Leading-twist collinear pQCD has been successful in

describing a wide range of unpolarized cross-section mea-
surements at the Relativistic Heavy Ion Collider (RHIC),

∗ Deceased

from π0 at forward rapidity [20, 21], to π0 [22–25],
η [25–27], π±/K± [28], and jets [29] at mid-rapidity.
Such agreement is considered a strong indicator that the
given process can be interpreted within the framework of
pQCD. Therefore, the comparison between the unpolar-
ized cross-section and the leading-twist collinear pQCD
prediction becomes the basis on which to apply the afore-
mentioned theoretical extensions to the associated trans-
verse spin effects.

For forward π0 production, recent STAR measure-
ments of the cross-section are consistent with next-to-
leading-order (NLO) pQCD calculations in the same re-
gion where a large transverse spin asymmetry is found
[20, 21]. However, these results do not cover the large
Feynman-x (xF ) region where the acceptance for the η
decaying into two photons becomes large. In this paper,
we have extended the analysis of the π0 cross-section and
AN to xF of 0.75, where its spin asymmetry and cross-
section can be directly compared to those of the η mesons.

The data were taken with the STAR Forward Pion De-
tector (FPD). The FPD is a modular lead glass calorime-
ter located at forward rapidity in the STAR interac-
tion region at RHIC at Brookhaven National Labora-
tory. Two modules were placed on either side of the
beam line, covering the pseudorapidity region from ap-
proximately 3.3 to 4.0. Each module contained 49 cells
(glass blocks approximately 18 radiation lengths deep),
forming a 7 × 7 square array. The data were collected
in 2006 with transversely polarized proton beams and
an integrated luminosity of ∼ 6.3 pb−1. The average
polarization was (56.0± 2.6)% for the beam facing the
FPD. As AN is a single spin observable, the spin state
of the second beam (with (55.0± 2.6)% polarization) was
integrated over for the AN at positive xF . At negative
xF , the spin state of the first beam was integrated over.
Events were recorded only when the total ADC count in
either of the two modules was greater than a fixed thresh-
old, which was nominally equivalent to 30 GeV. Photons
reconstructed within a quarter of a cell from the detector
edge were discarded. Only those events with exactly two
reconstructed photons were analyzed, with the resulting
loss of yield corrected for the cross-section measurement.
The STAR Beam Beam Counter (BBC) on the away side
was used to reject the single-beam background. The near
side BBC was not required to produce a signal, as most of
the analyzed events already had more than half the beam
energy deposited in the FPD. The efficiency for the away
side BBC condition was estimated to be (93± 4)% for all
non-singly diffractive events based on previous analyses
[30].

The xF coverage of the previous analysis of AN (π0)

agreement with perturbative QCD model calculations that identify orbital motion of quarks and gluons

within the proton as the origin of the spin effects. Results for the pT dependence at fixed xF are not

consistent with these same perturbative QCD-based calculations.
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The production of particles with high transverse mo-
mentum from polarized proton collisions at high energies
is sensitive to the quark (q) and gluon (g) spin structure of
the proton. Perturbative QCD (pQCD) calculations are
used to interpret spin observables when they can explain
measured cross sections. The goal of measuring spin ob-
servables is to understand how the proton gets its spin from
its q; g constituents.

One challenge to theory has been to understand the
azimuthal asymmetry of particles produced in collisions
of transversely polarized protons, known as analyzing
power (AN) or transverse single-spin asymmetry. With
vertical polarization, nonzero AN corresponds to a left-
right asymmetry of the produced particles. Sizable AN

are not expected in collinear pQCD at leading twist due
to the chiral properties of the theory [1]. Nonetheless, large
AN are observed for inclusive pion production in p" þ p
collisions over a broad range of collision energies (

ffiffiffi
s

p
) [2–

6] and in semi-inclusive deep inelastic scattering (SIDIS)
from transversely polarized proton targets [7]. These ob-
servations have prompted extensions to pQCD that intro-
duce transverse momentum dependence (TMD) correlated
with the spin degree of freedom. For example, AN could be
generated by spin-correlated TMD fragmentation if there is
transverse q polarization in a transversely polarized proton
(‘‘Collins effect’’) [8]. This mechanism was considered to
be suppressed for p" þ p ! !þ X until recently [9,10].
Spin-correlated TMD distribution functions (‘‘Sivers func-
tions’’) [11,12] can explain large AN [13]. These functions
describe parton orbital motion within the proton, and thus
are important for understanding the structure of the proton.

Although Sivers functions are extracted from SIDIS
results, there is no proof [14] that they factorize in pQCD
calculations of p" þ p ! !þ X. A factorized framework
involving twist-3 qg correlators has been introduced [15]
and has successfully described [16] previous AN results
[4,6] for p" þ p ! !þ X. Of relevance to both ap-
proaches is a transverse momentum (kT) that is integrated
over in inclusive processes. This kT is intrinsic parton
motion in the Sivers functions and its average is related
to the inverse proton radius. Large kT is where qg corre-
lators are expected to provide a robust framework. Small
kT is where Sivers functions are expected to be applicable.
Intermediate kT values yield the same results in the two
approaches, because moments of the Sivers functions are
found to be related to the qg correlators [17,18].

Both theoretical frameworks [13,16] predict that AN will
increase as the longitudinal momentum (pL) of the pion
increases, usually given by the Feynman x, xF ¼ 2pL=

ffiffiffi
s

p
.

Both frameworks predict that, at fixed xF, AN will decrease
with increasing transverse momentum (pT), for pT >
1:2 GeV=c.
Analyzing powers in the hadroproduction of pions have

been measured before, and typically show a strong increase
as xF increases [2–6]. Virtually no previous experimental
results exist for the dependence of AN on pT at fixed xF.
For

ffiffiffi
s

p # 20 GeV, the cross sections are at least 10 times
larger than pQCD calculations for xF values where AN is
sizable [19]. This led to the suggestion that beam fragmen-
tation, the dissociation of the polarized proton by the
unpolarized target, was responsible for the spin effects,
and the expectation that at sufficiently large pT these spin
effects would vanish. At

ffiffiffi
s

p ¼ 200 GeV, inclusive ! cross
sections at central and forward rapidity are found to be in
agreement with pQCD calculations above pT $ 2 GeV=c,
and are included with world data for ! production from
eþe% collisions, SIDIS, and other pþ p collider results in
a global analysis of fragmentation functions [20]. AN that
increase with xF are found at

ffiffiffi
s

p ¼ 200 GeV [6,21,22], but
both precision measurements and the determination of the
dependence on pT have, until now, been missing.
In this Letter, we report precision measurements of the

xF dependence and first measurements of the pT depen-
dence of AN at fixed xF for p" þ p ! !0 þ X at

ffiffiffi
s

p ¼
200 GeV. The experiment has been performed at the
Solenoidal Tracker at RHIC (STAR) [23] at the
Relativistic Heavy Ion Collider at Brookhaven National
Laboratory. The experiment was performed using verti-
cally polarized colliding beams. Asymmetries are formed
from yields measured with left-right symmetrical detec-
tors, tagged by the polarization direction of one beam and
summing over the polarization of the other beam. Positive
xF is probed by considering polarization of the beam head-
ing towards the detectors and negative xF is probed by
considering polarization of the beam heading away from
the detectors.
Measurements were carried out with a modular electro-

magnetic calorimeter, known as the forward pion detector
(FPD), positioned at large pseudorapidity [" ¼
% lnðtan#=2Þ]. The h"i ¼ 4:0 results, and some h"i ¼
3:7 results, reported here were obtained in the 2003
(2005) run having integrated luminosity Lint ¼ 0:25 pb%1

(0:1 pb%1) and average beam polarization Pb $ 35%
(50%). h"i ¼ 3:3 and most of the h"i ¼ 3:7measurements
were performed in the 2006 run, which resulted in Lint ¼
6:8 pb%1 with Pb $ 55%. In the 2006 run, 111 of the 120
possible bunches of both RHIC rings, called ‘‘Blue’’ and
‘‘Yellow,’’ were filled with protons having predetermined
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Summary	
  

²  EM-­‐jets	
  are	
  reconstructed	
  from	
  photons	
  detected	
  in	
  the	
  FMS	
  at	
  STAR.	
  
²  Jets	
  with	
  isolated	
  π0	
  have	
  large	
  asymmetry.	
  
²  AN	
  decreases	
  as	
  the	
  event	
  complexity	
  increases(i.e.,	
  the	
  "jesness”)	
  
²  Isolated	
  π0	
  asymmetries	
  are	
  smaller	
  when	
  there	
  is	
  a	
  correlated	
  EM-­‐jet	
  

at	
  mid-­‐rapidity.	
  
	
  
²  Both	
  of	
  these	
  dependences	
  raise	
  serious	
  ques8on	
  how	
  much	
  of	
  the	
  

large	
  forward	
  π0	
  	
  AN	
  comes	
  from	
  2	
  à	
  2	
  parton	
  scaYering	
  (diffrac8ve	
  
events?).	
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Fig. 2 is Hπþ=q when Ĥπþ=q;ℑ
FU is switched off. As shown in

Fig. 1, in such a scenario, i.e., by turning off the three-
parton FF, one cannot describe the data for AN. According
to Fig. 3, the Ĥ term (including its derivative) in (3)
contributes only very little to AN . Also, the SGP pole term

is small, except for the SV2 input at large xF, where its
contribution is opposite to the data. Clearly, AN is governed
by the H term in (3). This result can mainly be traced back
to the hard scattering coefficients: e.g., for the dominant
qg → qg channel, one has SH ∝ 1=t̂3, but SĤ ∝ 1=t̂2 [14] in
the forward region where t̂ is small. Finally, Fig. 4 shows
the Ph⊥ dependence of AN for

ffiffiffi
S

p
¼ 500 GeV. Preliminary

data from STAR, extending to almost Ph⊥ ¼ 10 GeV,
show that AN is rather flat [48]. The twist-3 calculation
agrees with that trend, and also the magnitude of AN is in
line with the data. Note that the data of Ref. [48] were not
included in our fit and that only statistical errors are shown
in Fig. 4 [48].

IV. CONCLUSIONS

Collinear twist-3 QCD factorization can be considered
the most natural and rigorous approach to the transverse
SSA AN in p↑p → hX. However, the sign-mismatch issue
of the Sivers effect had put this framework into question
[11]. Here we have demonstrated for the first time that,
despite the sign-mismatch problem, twist-3 factorization
actually can describe high-energy RHIC data for Aπ

N very
well if one takes the fragmentation contribution into
account. We reemphasize that this result is nontrivial.
Since in the twist-3 approach part of AN can be fixed by
spin/azimuthal asymmetries in SIDIS and in eþe− →
h1h2X, we have shown that at present a simultaneous
description of all of those observables is possible. We
repeat that the fragmentation contribution in twist-3 fac-
torization goes beyond the pure Collins effect. Independent
information on the FFs Hπ=q, Ĥπ=q;ℑ

FU from other sources is
needed before one can ultimately claim that the intriguing
data on Aπ

N are fully understood. However, the fact that
Ĥπ=q;ℑ

FU gives a reasonable contribution to (the numerically
dominant) Hπ=q (see Fig. 2) allows one to be optimistic in
this regard.
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We study the transverse single-spin asymmetry for single-hadron production in proton-proton collisions
within the framework of collinear twist-3 factorization in quantum chromodynamics. By taking into
account the contribution due to parton fragmentation, we obtain a very good description of all high
transverse-momentum data for neutral and charged pion production from the Relativistic Heavy Ion
Collider. Our study may provide the crucial step toward a final solution to the long-standing problem of
what causes transverse single-spin asymmetries in hadronic collisions within quantum chromodynamics.
We show for the first time that it is possible to simultaneously describe spin/azimuthal asymmetries in
proton-proton collisions, semi-inclusive deep-inelastic scattering, and electron-positron annihilation by
using collinear twist-3 factorization in the first process along with transverse-momentum-dependent
functions extracted from the latter two reactions.
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I. INTRODUCTION

The field of transverse single-spin asymmetries (SSAs)
in hard semi-inclusive processes began some four decades
ago with the observation of the large transverse polarization
(up to about 30%) of neutral Λ hyperons in the process
pBe → Λ↑X at FermiLab [1]. People noticed early on that
the naïve collinear parton model cannot generate such
large effects [2]. It was then pointed out that SSAs for
single-particle production in hadronic collisions are genu-
ine twist-3 observables for which, in particular, collinear
three-parton correlations have to be taken into account in
order to have a proper description within quantum chromo-
dynamics (QCD) [3]. This formalism later on was worked
out in more detail and also successfully applied to SSAs in
processes like hadron production in proton-proton colli-
sions,p↑p → hX (see, e.g., Refs. [4–10]). Herewe focus on
SSAs in such reactions, whichwere extensively investigated
in fixed target and in collider experiments.
Let us now look at the generic structure of the spin-

dependent cross section for AðP;~S⊥ÞþBðP0Þ→CðPhÞþX,
where the 4-momenta and polarizations of the incoming
protons A, B and outgoing hadron C are specified. In twist-
3 collinear QCD factorization, one has

dσð~S⊥Þ ¼ H ⊗ fa=Að3Þ ⊗ fb=Bð2Þ ⊗ DC=cð2Þ

þH0 ⊗ fa=Að2Þ ⊗ fb=Bð3Þ ⊗ DC=cð2Þ

þH00 ⊗ fa=Að2Þ ⊗ fb=Bð2Þ ⊗ DC=cð3Þ; ð1Þ

with fa=AðtÞ (fb=BðtÞ) indicating the distribution function
associated with parton a (b) in proton A (B), while DC=cðtÞ
represents the FF associated with hadron C in parton c. The

twist of the functions is denoted by t. The hard factors
corresponding to each term are given byH,H0, andH00, and
the symbol ⊗ represents convolutions in the appropriate
momentum fractions. In Eq. (1), a sum over partonic
channels and parton flavors in each channel is understood.
The first term in (1) has already been studied in quite

some detail in the literature [5,7–12]. It contains both
quark-gluon-quark correlations and trigluon correlations in
the polarized proton, where for the former one needs to
distinguish between contributions from so-called soft gluon
poles (SGPs) and soft fermion poles (SFPs). The second
term in (1), arising from twist-3 effects in the unpolarized
proton, was shown to be small [13]. Only recently, a
complete analytical result was obtained for the third term
in (1), which describes the twist-3 contribution due to
parton fragmentation [14].
For quite some time, many in the community believed

that the first term in (1) dominates the transverse SSA in
p↑p → hX (typically denoted by AN) for the production of
light hadrons (see, e.g., Refs. [5,7,10]), where the SGP
contribution is generally considered the most important
part. Note that the SGP contribution to AN is determined by
the Qiu-Sterman function TF [4,5], which can be related to
the transverse-momentum-dependent (TMD) Sivers parton
density f⊥1T [15,16]. For a given quark flavor q, these
entities satisfy [17]

Tq
Fðx; xÞ ¼ −

Z
d2 ~p⊥

~p2
⊥
M

f⊥q
1T ðx; ~p2

⊥ÞjSIDIS; ð2Þ

whereM is the nucleon mass. Because of the relation in (2),
one can extract TF from data on either AN or on the Sivers
transverse SSA in semi-inclusive deep-inelastic scattering
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(SIDIS) ASiv
SIDIS. It therefore came as a major surprise when

an attempt failed to simultaneously explain both AN and
ASiv
SIDIS [11]. The striking result pointed out in Ref. [11] was

that the two extractions for TF differ in sign. This “sign-
mismatch” puzzle could not be resolved by more flexible
parameterizations of f⊥1T [18]. Also trigluon correlations
are unlikely to fix this issue [12], while SFPs may play
some role [9].
At this point, one may start to question the dominance of

the first term in (1). In fact, data on the transverse SSA in
inclusive DIS [19,20] seem to support this point of view,
i.e., that the first term in (1) is not the main cause of AN
[21]. Therefore, in the present work, we study the potential
role of the twist-3 fragmentation part of (1). After fixing the
SGP contribution to AN through the Sivers function
extracted from data on ASiv

SIDIS [22,23] and the relation in
(2), we obtain a very good fit to all high transverse-
momentum forward-region pion data for AN from the
Relativistic Heavy Ion Collider (RHIC). As explained
below in more detail, our analysis shows for the first time
that one can simultaneously describe AN using collinear
factorization, ASiv

SIDIS, the Collins transverse SSA ACol
SIDIS in

SIDIS, and Acosð2ϕÞ
eþe− that represents a particular azimuthal

asymmetry in electron-positron annihilation into two
hadrons, eþe− → h1h2X [24].

II. FRAGMENTATION CONTRIBUTION TO AN

The fragmentation contribution to the cross section in (1)
reads [14]

P0
hdσð~S⊥Þ
d3 ~Ph

¼ −
2α2sMh

S
ϵ⊥;αβSα⊥P

β
h⊥
X

i

X

a;b;c

Z
1

zmin

dz
z3

×
Z

1

x0min

dx0

x0
1

x
1

x0Sþ T=z
1

−x0 t̂ − xû
ha1ðxÞfb1ðx0Þ

×
!"

ĤC=cðzÞ − z
dĤC=cðzÞ

dz

#
Si
Ĥ
þ 1

z
HC=cðzÞSiH

þ 2z2
Z

∞

z

dz1
z21

1
1
z −

1
z1

ĤC=c;ℑ
FU ðz; z1Þ

1

ξ
Si
ĤFU

$
; ð3Þ

where i denotes the channel, x ¼ −x0ðU=zÞ=ðx0Sþ T=zÞ,
x0min ¼ −ðT=zÞ=ðU=zþ SÞ, zmin ¼ −ðT þ UÞ=S, and
ξ ¼ ð1 − z=z1Þ. Here we used the Mandelstam variables
S ¼ ðPþ P0Þ2, T ¼ ðP − PhÞ2, and U ¼ ðP0 − PhÞ2,
which on the partonic level give ŝ ¼ xx0S, t̂ ¼ xT=z,
and û ¼ x0U=z. Oftentimes one also uses xF¼2Phz=

ffiffiffi
S

p
,

where Phz is the longitudinal momentum of the hadron, as
well as the pseudo-rapidity η ¼ − ln tanðθ=2Þ, where θ is
the scattering angle. The variables xF, η are further related
by xF ¼ 2Ph⊥ sinhðηÞ=

ffiffiffi
S

p
, where Ph⊥ is the transverse

momentum of the hadron. The nonperturbative parts in (3)
are the transversity distribution h1, the unpolarized parton
density f1, and the three (twist-3) fragmentation functions
(FFs) Ĥ, H, and Ĥℑ

FU, with the last one parameterizing the
imaginary part of a three-parton correlator. The definition
of those functions and the results for the hard scattering
coefficients Si can be found in [14]. (An alternative
notation of the relevant FFs is given in Ref. [25], where
twist-3 effects in SIDIS were computed.) We note that the
so-called derivative term in (3), associated with dĤ=dz,
was first obtained in [26].
The function Ĥ is related to the TMD Collins function

H⊥
1 [27] according to [14,26]

Ĥh=qðzÞ ¼ z2
Z

d2~k⊥
~k2⊥
2M2

h
H⊥h=q

1 ðz; z2~k2⊥Þ: ð4Þ

This relation can be considered the fragmentation counter-
part of Eq. (2). Exploiting the universality of the Collins
function [28], one can simultaneously extract H⊥

1 and h1
from data on ACol

SIDIS [29,30] and data on Acosð2ϕÞ
eþe− [31,32]

(see [33] and references therein). Below we utilize such
information for H⊥

1 and h1 when describing AN . The FFs
in (3) are related via [14]

Hh=qðzÞ ¼ −2zĤh=qðzÞ þ 2z3
Z

∞

z

dz1
z21

1
1
z −

1
z1

Ĥh=q;ℑ
FU ðz; z1Þ;

ð5Þ

implying that in the collinear twist-3 framework one has
two independent FFs. It is important to realize that this is
different from the so-called TMD approach for AN, where
only H⊥

1 enters the fragmentation piece [34].

III. PHENOMENOLOGY OF AN FOR
PION PRODUCTION

We consider AN for p↑p → πX in the forward region
of the polarized proton, which has been studied by the
STAR [35–37], BRAHMS [38,39] and PHENIX [40]
Collaborations at RHIC. We mainly focus on data taken
at

ffiffiffi
S

p
¼ 200 GeV for which typically Ph⊥ > 1 GeV.

Throughout we use the GRV98 unpolarized parton dis-
tributions [41] and the DSS unpolarized FFs [42]. Note
that the GRV98 parton distributions were also used in
Refs. [22,23,33] for extracting the Sivers function and
the transversity, which we take as input in our calculation.
The SGP contribution to (1) is computed by fixing TF
through Eq. (2) with two different inputs for the Sivers
function—SV1: f⊥1T from Ref. [22], obtained from SIDIS
data on ASiv

SIDIS [43,44]; and SV2: f⊥1T from Ref. [23],
“constructed” such that, in the TMD approach, the con-
tribution of the Sivers effect to AN is maximized while
maintaining a good description of ASiv

SIDIS. These two inputs
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We study the transverse single-spin asymmetry for single-hadron production in proton-proton collisions
within the framework of collinear twist-3 factorization in quantum chromodynamics. By taking into
account the contribution due to parton fragmentation, we obtain a very good description of all high
transverse-momentum data for neutral and charged pion production from the Relativistic Heavy Ion
Collider. Our study may provide the crucial step toward a final solution to the long-standing problem of
what causes transverse single-spin asymmetries in hadronic collisions within quantum chromodynamics.
We show for the first time that it is possible to simultaneously describe spin/azimuthal asymmetries in
proton-proton collisions, semi-inclusive deep-inelastic scattering, and electron-positron annihilation by
using collinear twist-3 factorization in the first process along with transverse-momentum-dependent
functions extracted from the latter two reactions.
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I. INTRODUCTION

The field of transverse single-spin asymmetries (SSAs)
in hard semi-inclusive processes began some four decades
ago with the observation of the large transverse polarization
(up to about 30%) of neutral Λ hyperons in the process
pBe → Λ↑X at FermiLab [1]. People noticed early on that
the naïve collinear parton model cannot generate such
large effects [2]. It was then pointed out that SSAs for
single-particle production in hadronic collisions are genu-
ine twist-3 observables for which, in particular, collinear
three-parton correlations have to be taken into account in
order to have a proper description within quantum chromo-
dynamics (QCD) [3]. This formalism later on was worked
out in more detail and also successfully applied to SSAs in
processes like hadron production in proton-proton colli-
sions,p↑p → hX (see, e.g., Refs. [4–10]). Herewe focus on
SSAs in such reactions, whichwere extensively investigated
in fixed target and in collider experiments.
Let us now look at the generic structure of the spin-

dependent cross section for AðP;~S⊥ÞþBðP0Þ→CðPhÞþX,
where the 4-momenta and polarizations of the incoming
protons A, B and outgoing hadron C are specified. In twist-
3 collinear QCD factorization, one has

dσð~S⊥Þ ¼ H ⊗ fa=Að3Þ ⊗ fb=Bð2Þ ⊗ DC=cð2Þ

þH0 ⊗ fa=Að2Þ ⊗ fb=Bð3Þ ⊗ DC=cð2Þ

þH00 ⊗ fa=Að2Þ ⊗ fb=Bð2Þ ⊗ DC=cð3Þ; ð1Þ

with fa=AðtÞ (fb=BðtÞ) indicating the distribution function
associated with parton a (b) in proton A (B), while DC=cðtÞ
represents the FF associated with hadron C in parton c. The

twist of the functions is denoted by t. The hard factors
corresponding to each term are given byH,H0, andH00, and
the symbol ⊗ represents convolutions in the appropriate
momentum fractions. In Eq. (1), a sum over partonic
channels and parton flavors in each channel is understood.
The first term in (1) has already been studied in quite

some detail in the literature [5,7–12]. It contains both
quark-gluon-quark correlations and trigluon correlations in
the polarized proton, where for the former one needs to
distinguish between contributions from so-called soft gluon
poles (SGPs) and soft fermion poles (SFPs). The second
term in (1), arising from twist-3 effects in the unpolarized
proton, was shown to be small [13]. Only recently, a
complete analytical result was obtained for the third term
in (1), which describes the twist-3 contribution due to
parton fragmentation [14].
For quite some time, many in the community believed

that the first term in (1) dominates the transverse SSA in
p↑p → hX (typically denoted by AN) for the production of
light hadrons (see, e.g., Refs. [5,7,10]), where the SGP
contribution is generally considered the most important
part. Note that the SGP contribution to AN is determined by
the Qiu-Sterman function TF [4,5], which can be related to
the transverse-momentum-dependent (TMD) Sivers parton
density f⊥1T [15,16]. For a given quark flavor q, these
entities satisfy [17]

Tq
Fðx; xÞ ¼ −

Z
d2 ~p⊥

~p2
⊥
M

f⊥q
1T ðx; ~p2

⊥ÞjSIDIS; ð2Þ

whereM is the nucleon mass. Because of the relation in (2),
one can extract TF from data on either AN or on the Sivers
transverse SSA in semi-inclusive deep-inelastic scattering
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The k? moment of a quark’s Sivers function is known to be related to the corresponding twist-three

quark-gluon correlation function Tq;Fðx; xÞ. The two functions have been extracted from data for single-

spin asymmetries in semi-inclusive deep-inelastic scattering and in single-inclusive hadron production in

pp collisions, respectively. Performing a consistent comparison of the extracted functions, we find that

they show a ‘‘sign mismatch’’: while the magnitude of the functions is roughly consistent, the k? moment

of the Sivers function has opposite sign from that of Tq;Fðx; xÞ, both for up and for down quarks. Barring

any inconsistencies in our theoretical understanding of the Sivers functions and their process dependence,

the implication of this mismatch is that either the Sivers effect is not dominantly responsible for the

observed single-spin asymmetries in pp collisions or the current semi-inclusive lepton scattering data do

not sufficiently constrain the k? moment of the quark Sivers functions. Both possibilities strengthen the

case for further experimental investigations of single-spin asymmetries in high-energy pp and ep
scattering.
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I. INTRODUCTION

Since the observation of surprisingly large single trans-
verse spin asymmetries (SSAs) in p"p ! !X at Femilab
in the 1980s [1], the exploration of the physics behind the
observed SSAs has become a very active research branch
in hadron physics, and has played an important role in
our efforts to understand QCD and nucleon structure
[2,3]. Defined as AN ¼ ð"ðs?Þ $ "ð$s?ÞÞ=ð"ðs?Þ þ
"ð$s?ÞÞ, the ratio of the difference and the sum of the
cross sections when the hadron’s spin vector s? is
flipped, significant SSAs have by now been consistently
observed in various experiments at different collision
energies. These include semi-inclusive hadron production
at low transverse momentum Ph? in deep-inelastic scat-
tering, ‘N" ! ‘0hX, by the HERMES Collaboration at
DESY [4], COMPASS at CERN [5], and CLAS at
Jefferson Lab [6], as well as inclusive single-hadron
production at high Ph? in hadron-hadron collisions,
p"p ! hX, by the STAR, PHENIX, and BRAHMS col-
laborations at RHIC [7]. The observed large size of SSAs
in hadronic scattering initially presented a challenge for
QCD theorists [8]. Later two complementary mechanisms
were proposed to describe the measured SSAs, and both
of them have been quite successful phenomenologically
[9–17].

One mechanism relies on the so-called transverse-
momentum dependent (TMD) factorization [18–25], and
describes the SSAs in terms of the spin-dependent part of
TMD parton distribution functions (PDFs), known as the
Sivers functions [26], or TMD fragmentation functions
(FFs), known as the Collins functions [27]. This TMD
factorization approach is suitable for evaluating the SSAs
of scattering processes with two very different momentum
scales, Q1 & Q2 * !QCD. The larger scale Q1 is neces-
sary for using perturbative QCD, while the lower scale Q2

makes the observable sensitive to the parton’s transverse
motion. For example, the SSAs of hadron production at
low Ph? in lepton-hadron semi-inclusive deep-inelastic
scattering (SIDIS) have this characteristic property: Q &
Ph? '!QCD, and can be studied within the TMD factori-
zation approach.
The other mechanism generalizes the successful

leading-power QCD collinear factorization formalism to
the next-to-leading power in the expansion in 1=Q, where
Q is the large momentum transfer of the collision, and
describes the SSAs in terms of twist-3 transverse-spin-
dependent three-parton correlation functions [28–31], or
a combination of the transversity distribution and three-
parton fragmentation functions [30–32]. This so-called
twist-3 collinear factorization approach is more relevant
to the SSAs for processes in which all observed momentum
transfers Q are much larger than !QCD. This applies, for
example, to the SSAs of inclusive single-hadron produc-
tion at high Ph? in p"p collisions. Although the two
mechanisms describe the SSAs in two very different
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†jqiu@bnl.gov
‡werner.vogelsang@uni-tuebingen.de
xfyuan@lbl.gov

PHYSICAL REVIEW D 83, 094001 (2011)

1550-7998=2011=83(9)=094001(9) 094001-1 ! 2011 American Physical Society

Observation concerning the process dependence of the Sivers functions

Zhong-Bo Kang,1,* Jian-Wei Qiu,2,3,4,† Werner Vogelsang,5,‡ and Feng Yuan6,1,x

1RIKEN BNL Research Center, Brookhaven National Laboratory, Upton, New York 11973, USA
2Physics Department, Brookhaven National Laboratory, Upton, New York 11973, USA

3C.N. Yang Institute for Theoretical Physics, Stony Brook University, Stony Brook, New York 11794, USA
4Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011, USA
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I. INTRODUCTION

Since the observation of surprisingly large single trans-
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observed SSAs has become a very active research branch
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in hadronic scattering initially presented a challenge for
QCD theorists [8]. Later two complementary mechanisms
were proposed to describe the measured SSAs, and both
of them have been quite successful phenomenologically
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momentum dependent (TMD) factorization [18–25], and
describes the SSAs in terms of the spin-dependent part of
TMD parton distribution functions (PDFs), known as the
Sivers functions [26], or TMD fragmentation functions
(FFs), known as the Collins functions [27]. This TMD
factorization approach is suitable for evaluating the SSAs
of scattering processes with two very different momentum
scales, Q1 & Q2 * !QCD. The larger scale Q1 is neces-
sary for using perturbative QCD, while the lower scale Q2
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a combination of the transversity distribution and three-
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